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We report on lateral spin-caloric transport (LSCT) of electron spin packets which are optically
generated by ps laser pulses in the non-magnetic semiconductor n-GaAs at T ≤ 35 K. LSCT is driven
by a local temperature gradient induced by an additional cw heating laser. The spatio-temporal
evolution of the spin packets is probed using time-resolved Faraday rotation. We demonstrate that
the local temperature-gradient induced spin diffusion is solely driven by a non-equilibrium hot spin
distribution, i.e. without involvement of phonon drag effects. Additional electric field-driven spin
drift experiments are used to verify directly the validity of the non-classical Einstein relation for
moderately doped semiconductors at low temperatures for near band-gap excitation.
INTRODUCTION
Transport of spins is a crucial functional process of
spintronic devices as spin injection, manipulation and de-
tection usually take place in different parts of a device[1–
10]. In semiconductor spintronics, the spin transport pa-
rameters (diffusivity, velocity and dephasing time) de-
termine the length and time scale for manipulation and
propagation of the non-equilibrium spin distribution af-
ter spin injection or optical excitation with excess energy
above the band gap. Most important is that the spin
diffusion length exceeds the device dimensions. With
the discovery of the spin Seebeck effect (SSE) [11], a
new scheme of triggering spin transport by tempera-
ture gradients was demonstrated, initiating the field of
spin caloritronics[12, 13]. The spin Seebeck physics is
intensively studied in magnetic metals, semiconductors
and insulators[11, 14, 15]. The SSE can be probed in
a transverse configuration where a thermal gradient is
applied to a ferromagnetic material which excites the
spins out of thermal equilibrium. This results in ther-
mal spin diffusion into an adjacent normal metal perpen-
dicular (transverse) to the direction of heat flow where
it is detected[16]. A thermal spin flow can also be gen-
erated across a tunneling barrier between magnetic and
non-magnetic electrodes of different temperatures which
results in Seebeck spin tunneling[17]. In this configu-
ration, the spin flow direction is parallel (longitudinal)
to the heat flow direction. A giant SSE in the non-
magnetic semiconductor InSb was explained by the same
processes, except that here the phonon-mediated out-
of-equilibrium magnetization is carried by a magnetic
field-induced spin polarization of conduction band (CB)
electrons[18]. More recently, magnetic insulators have
been used to measure the spin Peltier effect [19] and
the spin Nernst effect [20] in Pt/yttrium-iron-garnet het-
erostructures. Although other spin-caloritronic effects
are also predicted for non-magnetic semiconductors[21–
23], experimental work on these materials is still lacking.
Here, we present diffusive transport of electron spin
polarization in a local temperature gradient in non-
magnetic n-GaAs. In contrast to the SSE observed in
magnetic materials using ISHE detection, in our exper-
imental approach, we take advantage of the spatial and
temporal resolution of optical pump-probe experiments.
These enable to directly map and detect lateral transport
of electron spin packets driven by laser-induced local tem-
perature gradients in n-GaAs. The basic transport fea-
ture is a spin-polarized analog of the charge-based See-
beck effect, except for the detection scheme. A fascinat-
ing and unique feature of our lateral spin-caloric trans-
port (LSCT) under local laser heating is that the hot-
electron driven spin transport is free of phonon drag con-
tributions. The method yields direct access to the spin
transport parameters, such as the spin diffusion velocity
vs, the spin diffusion coefficient Ds, and the spin dephas-
ing time T ∗2 [24]. We show that the diffusive LSCT is cor-
roborated by the dependence of the spin diffusion velocity
vs on the heating laser position, on the lattice tempera-
ture TL and on the heating laser power. Further evidence
stems from the independence of the LSCT-Seebeck coef-
ficient from the lattice temperature TL as well as of the
spin diffusion constant Ds from the electric field and the
overheating of the electron system ∆T = Te − TL with
Te being the electron temperature. The dependence of
Ds and the spin dephasing time T
∗
2 on the heating laser
spot position gives evidence for enhanced electron densi-
ties resulting in electron-electron scattering and screen-
ing effects. The spin transport parameters are contrasted
with corresponding values from our electric field-driven
spin drift experiments. The latter allow to verify the
non-classical Einstein relation which was predicted for
moderately doped semiconductors at low temperatures,
but has not been experimentally verified with respect to
the electronic states involved [25, 26]. The donor band
(DB) states, modeled by a Gaussian density of states,
play a crucial role in this validation.
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Figure 1. (a) Optical pump-probe setup to measure lateral spin transport in laser-induced temperature gradients or applied
E fields in GaAs. (b) PL spectra and fits of the (e,A0) transitions (red lines) at different lattice temperatures TL. The fit
range is indicated by the grey shaded area. (c) Effective electron temperature Te as a function of lattice temperature TL.
Below TL ≈ 35K the electron system becomes locally hotter than the lattice, creating an electron temperature gradient of
approximately 0.5 K/µm at TL=6 K. The grey line indicates the thermal equilibrium condition Te = TL.
EXPERIMENTAL SETUP
The GaAs sample is Si-doped close to the metal-to-
insulator transition (MIT) with n = 2× 1016 cm−3 pro-
viding spin dephasing times exceeding 100 ns at low tem-
peratures [5, 27–31]. A specimen of 2 mm × 14 mm ×
350 µm with electrical contacts at its ends is mounted in
a helium flow cryostat. As depicted in Fig.1(a), electron
spins are excited and oriented by circularly polarized ps
pump pulses (0.5 mW) and probed by Faraday rotation
θF of time-delayed, linearly polarized pulses (0.1 mW)
from a wavelength-tunable Ti:sapphire laser[32]. Pump
and probe pulses are focused to 24 µm FWHM spots
onto the sample with the pump being positioned at vari-
able distances ∆x from the probe, allowing for spatio-
temporal scans of the non-equilibrium spin distribution.
Characterization of laser-induced local temperature
gradients
Local temperature gradients are created by a 100 mW
cw heating laser with EH = 2.33 eV that is focused
to a 35µm spot onto the sample at variable distances
ξH from the probe spot (Fig.1(a)). This yields local
heating of the electron system by hot carrier excita-
tion into the CB while leaving the lattice almost un-
affected [33]. The local effective electron temperature
Te is determined from photoluminescence (PL) spectra
after low intensity excitation by the heating laser with
PH=0.1 mW, as shown in Fig.1(b) for lattice tempera-
tures TL = 10, 20 and 30 K. The CB-to-acceptor tran-
sitions (e,A0) at the high-energy side of the main emis-
sion line around 1.495 eV can be fitted by spectral pro-
files I(E) ∝ D(E) · f(E, Te) (red lines), given by the
CB occupation function with D(E) being the density
of states and f(E, Te) the Fermi function [34]. The
extracted Te values are plotted as a function of TL in
Fig.1(c). The strongest increase ∆T = Te−TL = 23 K is
found at TL = 6 K, decreasing for larger TL and vanish-
ing at TL ≈ 35 K due to efficient thermalization of the
hot electrons with the lattice by optical-phonon emis-
sion [33, 35]. For the following we assume a Te profile
with the Gaussian shape of the heating laser spot but
slightly increased width σH due to electronic heat diffu-
sion, Te(∆x, ξH) = TL + ∆T · exp
[−(∆x− ξH)2/(2σ2H)]
[34]. Thus, electron temperature gradients of approxi-
mately 0.5 K/µm can be achieved by local laser heating.
Analysis method for LSCT
For the investigation of LSCT in n-GaAs, a dedicated
measurement and analysis method is developed allowing
to observe the spatio-temporal evolution of the electron
spin packets on time scales comparable to the spin de-
phasing time, i.e. of T ∗2 ≥ 100 ns at low temperatures,
with high spatial resolution of the spin diffusion. Due to
the long spin dephasing time of T ∗2 ≥ 100 ns as compared
to the laser repetition interval of Trep = 12.5 ns, Fara-
day rotation measures the superposition of many electron
spin packets excited by consecutive pump pulses. The
Larmor precession of the spin packets in an applied mag-
netic field B results in resonant spin amplification (RSA)
[27, 28, 36]. In Fig.2(a) we show a series of RSA measure-
ments taken at various pump-probe separations ∆x for
a heating laser distance ξH = 25 µm (see also Fig.1(a))
and at a fixed pump-probe delay of ∆t = −50 ps. This
yields the B dependent superposition of the spin pack-
ets, θF(∆x,B) =
∑∞
n=1 θn(∆x) · cos (gµBBtn/h¯), with
the electron g-factor g, Bohr’s magneton µB and Planck’s
constant h¯. Each spin packet is characterized by its spe-
cific age tn = nTrep + ∆t and precesses with its Larmor
frequency ω = gµBB/h¯ about the B field direction. Be-
cause |∆t|  Trep, the RSA traces can be treated as a
Fourier series with coefficients
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Figure 2. (a) RSA traces at TL = 6 K for different pump probe separations ∆x with the heating laser at ξH = 25 µm. (b)
Corresponding FFT spectra. The amplitude of each spin packet characterized by its specific age tn = nTrep, is given by the
integrated FFT resonances (colored and grey points). Both RSA traces and FFT spectra are offset for clarity. (c) Lateral
spin profiles are reconstructed from the integrated FFT resonances as indicated by the red, green and blue guide lines between
panels (b) and (c). The centers of the spin packets (black dots), extracted from Gaussian fits to the lateral spin profiles (colored
and grey lines), shift away from the heating laser spot (broken black line). (d) The center shifts xc(t) of the spin packets change
sign with the direction of the T gradient which is controlled by the heating laser position ξH. Lines are linear fits xc(t) = vst.
θn(∆x) =
θ0 · e−tn/T
∗
2
1 +Ds tn/σ2
· exp
[
− (∆x− vs tn)
2
4σ2 + 4Ds tn
]
(1)
that describe transport of a 2D Gaussian spin packet
with spin diffusion velocity vs, spin diffusion constant
Ds and spin dephasing time T
∗
2 . The Gaussian width of
both pump and probe laser spots is σ ≈ 10 µm. Con-
sequently, the fast Fourier transformation (FFT) of the
RSA scans in Fig.2(b) shows resonances which are the
amplitudes θn(∆x) of the spin packets n = 1, 2, 3 etc.
at the pump-probe separation ∆x. As each spin packet
has its specific age tn, the corresponding FFT spectra
in Fig.2(b)) directly show the time evolution of the spin
polarization at ∆x. While the FFT amplitude decreases
most rapidly at ∆x = 1 µm (upper curve in Fig.2(b)) due
to the presumably combined effects of spin dephasing and
diffusion away from the center of the spin distribution at
∆x = 0, the decrease becomes less at larger |∆x| (lower
curves in Fig.2(b)) as the effect of spin dephasing is par-
tially compensated by diffusion of the spins to the tail
of the spin distribution. By plotting the integrated FFT
amplitudes of each spin packet as a function of ∆x, see
Fig.2(c), we can reconstruct the lateral profiles of the
spin packets at times tn that show their spatio-temporal
evolution. The centers of the spin packets (black dots)
move away from the heating laser centered at ξH (dashed
black line), revealing heat-induced spin diffusion. The
heating laser provides a temperature gradient as bias for
the spins at ∆x = 0 to diffuse towards negative ∆x val-
ues. From Gaussian fits to the lateral profiles (continuous
lines), the parameters vs, Ds and T
∗
2 can be extracted
from the center shifts xc(t) = vst, the profile broaden-
ing 2w(t)2 = 4σ2 + 4Dst and the decrease of the profile
amplitude θn(t) = θ0/[1 + Dst/σ
2] exp (−t/T ∗2 ), respec-
tively. Fig.2(d) shows the temporal evolution of xc of
the spin packets for different heating laser positions ξH.
When the heating laser is moved from ξH = +25 µm to
ξH = −36 µm, thereby reversing the sign of the tem-
perature gradient dT/dx, this results in a reversal of the
diffusion direction because the spin packets always dif-
fuse away from the heating laser spot as expected for
LSCT. At ξH = 0, no significant spin diffusion (center
shift xc) is observed as the laterally averaged tempera-
ture gradient in the probe area is zero. Within the error
bars, we are able to resolve center shifts of ≈ 0.5 µm
even with laser spots of Gaussians widths of σ ≈ 10 µm.
Systematic errors of the spin transport parameters due
to idealizations in the analysis model, such as the neglect
of the finite pump-probe delay ∆t = −50 ps and of the
magnetic field dependence of the spin dephasing time T ∗2 ,
which can be seen by the decrease of the RSA resonances
with the magnetic field in Fig.2(a), are quantified by spin
transport simulations presented in the Supplements, to-
gether with further details of the FFT analysis. These
systematic errors are less than 7% of the input parame-
4ters of the simulations, confirming the good reliability of
our analysis method.
EXPERIMENTAL RESULTS
Hot-electron driven lateral spin-caloric transport
(LSCT)
We now explore the dependence of the hot-electron
driven LSCT on the temperature gradient by investigat-
ing the behavior of the spin transport parameters vs, Ds
and T ∗2 on the heating laser position ξH in Fig.3(a)-(c).
LSCT is measured for spin excitation both into the CB
states with pump energy EL = 1.497 eV (filled squares)
and into the donor band (DB) states with EL = 1.474 eV
(open squares), corresponding to the (e,A0) and (D0, A0)
transitions in Fig.1(b), respectively. For both spin exci-
tation energies, |vs| first increases with increasing dis-
tance ξH of the heating laser, reaching a maximum of
|vs| ≈ 1000 cm/s at |ξH| ≈ 25 µm, and decreases for
larger |ξH|. The sign of vs changes with the inversion of
ξH. This behavior results from the profile of the local
temperature gradient which is averaged over the probe
spot at ξH = 0. The black line in Fig.3(a) is a plot of
vs ∝ 〈−dT/dx〉 ∝ ∆T · (−ξH) exp
[
− ξ
2
H
2(σ2H + σ
2)
]
(2)
with σH = 23 µm (corresponding to 54 µm FWHM) and
σ = 9 µm being the width of the pump beam. The data
clearly follow this model which confirms the observation
of LSCT. In contrast to vs, both Ds and T
∗
2 show a sym-
metric dependence on ξH. While Ds is lowest around
ξH = 0 and increases with larger distance of the heat-
ing laser, the opposite behavior is observed for T ∗2 . This
is surprising, as T ∗2 is known to decrease with higher T
[27] which is also seen in our sample (Fig.3(g)). Within
the Dyakonov-Perel (DP) spin dephasing mechanism [37],
such an enhancement of T ∗2 at the heating area might
result from enhanced electron-electron scattering which
reduces the momentum scattering time between scatter-
ing events and thus increases the spin dephasing time.
DP spin dephasing also predicts that the spin dephas-
ing time should increase with increasing magnetic field.
However, such dependency has never been observed in
n-GaAs for doping concentrations close to the metal-to-
insulator transition [27]. The overall larger Ds values
and lower T ∗2 times observed for EL = 1.497 eV (filled
squares in Fig. 3(b,c)) indicate that the spins might oc-
cupy CB states, while for 1.474 eV (open squares) less
mobile states in the donor band (DB) might be excited
[29, 38, 39].
The strongest verification of hot-electron driven LSCT
is given by the dependence of vs on the lattice temper-
ature TL (black squares in Fig.3(d)) which was mea-
sured with the heating laser at ξH = +25 µm, i.e. at
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Figure 3. (color online). (a)-(c) Spin transport parameters
vs, Ds and T
∗
2 as a function of the heating laser position ξH
for spin excitation energies ELaser = 1.497 eV (filled squares)
and 1.474 eV (open squares) at TL = 6 K. The black line in
(a) is a calculation by Eq.(2). (d)-(g) |vs|, SLSCT, Ds, and
T ∗2 extracted from LSCT measurements with ξH = 25 µm
(black squares) and from electric field-driven spin transport
measurements with Ex = 2.72 V/cm (green squares) as a
function of the lattice temperature TL. The red data points
in (d) are the effective electron temperature increase ∆T mea-
sured from PL, which exhibits the same TL dependence as |vs|.
Inset: dependence of |vs| on the heating laser power PH. The
black line is a plot of Eq.(3).
maximum vs (see arrow in Fig.3(a)). Most strikingly,
|vs| (black squares) shows the same dependence on TL
as the effective electron temperature increase ∆T de-
duced from PL measurements (red data points), con-
firming eq.(2). Although PL was measured under low
intensity (PH = 0.1 mW) of the heating laser (compared
to PH = 100 mW used for the LSCT measurements), the
inset of Fig.3(d) indicates that spin diffusion is already in
saturation for PH ≥ 0.1 mW, justifying the comparison of
|vs| and ∆T . The saturation results from the fact that the
mean electron excess energy per absorbed photon from
the heating laser, ε, will be rapidly distributed among the
whole electron system due to electron-electron scattering
which leads to both an increase of the effective electron
temperature and the effective chemical potential. When
these electrons diffuse away from their excitation spot
they are out of equilibrium with the lattice [33]. There-
5fore, the laser-induced increase of the effective electron
temperature is given by
∆T ∝ nHε
n+ nH
∝ PH
PS + PH
(3)
with n and nH denoting the electron densities from dop-
ing and from optical excitation, respectively, and PS be-
ing the saturation power. The black line in the inset of
Fig.3(d) is a plot of eq.(3) with PS = 40 µW. The de-
pendencies of vs on the heating laser position ξH, on the
lattice temperature TL and on the heating laser power PH
prove that spin diffusion originates from a local tempera-
ture gradient generated by a hot electron distribution as
described by eqs.(2) and (3).
The Seebeck coefficient of the hot-electron driven
LSCT, SLSCT, can be estimated by comparing thermally-
driven spin diffusion velocities with those from electric
field-driven spin drift measurements. The latter were ad-
ditionally carried out with electric fields Ex applied along
the x-direction without the heating laser (see Fig.1(a)).
Fig.4(a) shows a linear dependence of vs = −µsEx with
a spin mobility of µs = 1160 cm
2V−1s−1. The max-
imum spin diffusion velocity |vs| ≈ 1000 cm/s of the
LSCT measurements in Fig.3(a), which was measured at
ξH = 25 µm with 〈dT/dx〉 ≈ 0.5 K/µm, is obtained in our
electric field-driven experiments at Ex = 0.86 V/cm (see
Fig. 4(a)), from which we estimate |SLSCT| ≈ 170 µV/K
at TL = 6 K. These values are well below typical Seebeck
coefficients |S| in GaAs exceeding 500µV/K at 10 K [40].
The small dependence of |SLSCT| on the lattice temper-
ature TL in Fig.3(e) reaffirms that our LSCT is purely
driven by a hot electron distribution without involve-
ment of phonon drag effects. This is a unique feature
of our experimental approach using local laser heating,
in contrast to typical charge-based Seebeck effect mea-
surements where phonon-drag results in a distinct ex-
tremum in the temperature dependent Seebeck coefficient
at low temperature which we do not observe in our LSCT
measurements[40, 41].
The dependence of Ds on TL (Fig.3(f)) is the same
for both LSCT (black squares) and electric field-driven
experiments (open and filled green squares, see inset of
Fig. 3 (a)) indicating that spin diffusion is independent
of ∆T and Ex. The measured T
∗
2 times in the electric
field-driven spin transport (Fig.3(g), green squares) differ
increasingly from the LSCT data (black squares) for both
spin excitation energies starting from TL = 25 K towards
TL = 6 K. At TL = 6 K this deviation is in agreement
with the thermal equilibrium values of T ∗2 for both exci-
tation energies at large |ξH| in the LSCT measurements
in Fig.3(c). This indicates that different spin states are
excited and probed for EL = 1.497 eV and 1.474 eV
which become indistinguishable at elevated temperatures
(TL ≥ 25 K), independent of the excitation energy and
the heating laser, most likely resulting from thermal en-
ergy redistribution.
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Figure 4. (color online). (a) Linear dependence of electric
field-driven spin drift velocity vs on Ex with spin mobility
µs = 1160 cm
2 V−1 s−1. (b) |vs| shows the same temperature
dependence as the electrical conductivity σel (black line). (c)
Measured and simulated Einstein relation R = eDs/(µskBT ).
The blue broken line is the classical case R = 1, while the
black and green lines are simulations of the generalized Ein-
stein relation for CB and DB transport, respectively.
Testing the Einstein relation using spin drift
transport parameters.
A closer insight into which states are involved in the
measured spin transport can be gained from the temper-
ature dependence of electric field-induced spin transport.
We first note that |vs| shows the same increase with T
(here Te = TL) in Fig.4(b) as the electrical conductivity
σel (black line) measured by 2-point I-V -curves. This
implies that the electron density does not dependent on
temperature as expected for itinerant CB or DB charge
carriers. From the spin drift velocities in Fig.4(b) to-
gether with the spin diffusion constant in Fig.3(f) we can
test the Einstein relation R ≡ eDs/(µskBT ) that was
predicted to deviate from the classical value R = 1 for
non-degenerate particles, i.e. doped semiconductors close
to the MIT at low temperatures [25, 26]. The results in
Fig.4(c) verify the predicted increase of R  1 at low
temperatures for fermionic particles. The blue broken
line shows the classical case for Boltzmann-distributed
systems. The the black solid and broken lines are simu-
lations of the generalized Einstein relation according to
Ref. 25 for CB transport of Fermi-Dirac-distributed elec-
trons with the Fermi-energy EF = h¯
2/(2m∗CB)(3pi
2n)2/3
for carrier densities n between 1×1016cm−3 (lower curve)
and 3 × 1016cm−3 (upper curve). Remarkably, all ex-
perimental data (green squares) clearly exhibit consis-
tently larger R values and thus do not follow simple
CB transport. In contrast, our data can be described
much better by DB transport over the whole tempera-
ture range when assuming a Gaussian density of states
6of width ∆E = 6 meV with EF in the center of the band
(see green solid line in Fig.4(c)). For comparison, we in-
cluded respective curves with ∆E = 5 meV (lower green
broken line) and 7 meV (upper green broken line). Sur-
prisingly, even spins which are directly excited into the
CB at EL = 1.497 eV (full green squares in Fig.4(c)) are
best described by this DB approach despite their slightly
different spin dephasing times at low temperatures as dis-
cussed for Fig.3(g). Alternative interpretations like am-
bipolar diffusion [25] or spin Coulomb drag [42] have been
ruled out [43].
CONCLUSIONS
In conclusion, we have demonstrated lateral spin-
caloric transport of optically generated spin packets in n-
type non-magnetic GaAs at low temperatures. This dif-
fusive spin transport is driven by local temperature gradi-
ents from a hot electron distribution due to laser heating.
By mapping the spatio-temporal evolution of the spin
packets, our experiments give access to the spin trans-
port parameters and thus a microscopic insight into the
spin analog of the charge-based transport in the Seebeck
effect. As a unique feature of our experimental approach,
the driving mechanism of the LSCT is solely governed by
excitation of a local hot electron distribution in the CB
and therefore free of significant phonon-drag contribu-
tions yielding a nearly temperature-independent Seebeck
coefficient of the LSCT. Furthermore, we tested the non-
classical Einstein relation for moderately doped semicon-
ductors and found a temperature dependence which can
be well described by donor band transport. Our results
strongly suggest that also thermally-induced transverse
spin currents due to spin Nernst effect might be observ-
able by our all-optical spin transport measurement tech-
nique.
Work supported by the DFG through SPP 1538.
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1Supplemental Material: Time-resolved lateral spin-caloric transport of optically
generated spin packets in n-GaAs
1. Spin transport simulations: Introduction
In the Supplement, we quantify systematic errors on the spin transport parameters with the help of spin transport
simulations. The systematic errors arise 1.) from the method of the fast Fourier transformation (FFT) that is used
to reconstruct the spatio-temporal evolution of the spin packets from spatially-resolved resonant spin amplification
(RSA) measurements and 2.) from idealizations in the analysis model that is used to determine the spin transport
parameters.
The spatially-resolved RSA signal resulting from the superposition of Gaussian spin packets from adjacent pump
pulses, including spin dephasing, spin precession as well as 2D spin drift and diffusion, is described by
θF (∆x,∆t, B) =
∞∑
n=1
θ0
1 +Dstn/σ2
· e−tn/T
∗
2 · exp
[
− (∆x− vstn)
2
4σ2 + 4Dstn
]
· cos
(
g
µB
h¯
Btn
)
(S1)
with tn = n ·Trep + ∆t. For the special case of ∆t = 0, the RSA signal forms an ideal Fourier series,
θF (∆x,B) =
∞∑
n=1
θn (∆x) · cos (nωBB) (S2)
with θn (∆x) =
θ0
1 +DsnTrep/σ2
· e−nTrep/T
∗
2 · exp
[
− (∆x− vsnTrep)
2
4σ2 + 4DsnTrep
]
(S3)
and ωB = g
µB
h¯
Trep. (S4)
Consequently, by reconstruction of the lateral profiles θn(∆x) of the spin packets via Fourier transformation of the
RSA scans at the various pump-probe separations ∆x (as described in the main text), we can extract the spin drift
velocity vs, the spin diffusion constant Ds and the spin dephasing time T
∗
2 from fits to the center shifts xc(tn) = vstn,
to the broadening 2w(tn)
2 = 4σ2+4Dstn and to the decrease of the amplitudes θ(tn) = θ0/[1+Dstn/σ
2] exp (−tn/T ∗2 ),
respectively.
Yet, this special case ∆t = 0 cannot be realized experimentally, for two reasons: On the one hand, the zero order
spin packet excited at time t0 = 0 would be detected by the probe spot, while the sum in a Fourier series runs from
n = 1. On the other hand, the Faraday signal around ∆t = 0 is usually disturbed by some interference effects as
pump and probe spots are overlapping spatially and temporally. As a result, a non-zero pump-probe delay (typically
∆t = −50 ps) has to be used for the RSA measurements, such that the experimental RSA traces only approximate
a Fourier series because of |∆t|  Trep. Furthermore, as the coefficients of a Fourier series must not depend on the
variable, which is in our case the magnetic field B, another unavoidable deviation of the measured RSA traces from
an ideal Fourier series is due to the magnetic field dependence of the spin dephasing time T ∗2 (B), which can be seen
in the decrease of the RSA resonance height with increasing field strength |B|.
In the following section, we quantify the influence of a finite pump-probe delay ∆t = −50 ps and a magnetic
field-dependent spin dephasing time T ∗2 (B) on the spin transport parameters resulting from our analysis model, which
is based on the FFT of ideal Fourier series (i.e. which assumes ∆t = 0 and magnetic field-independent spin transport
parameters). For this purpose, our analysis model is applied to simulations of RSA traces for realistic measurement
conditions according to eq. (S1), with ∆t ≤ 0 and a phenomenological field-dependence T ∗2 (B), and the resulting
parameters are compared to the input parameters. These spin transport simulations, presented below, allow us to
find the optimal FFT conditions that give the best reproduction of the input parameters, i.e. the most realistic values
of T ∗2 , vs and Ds.
2. Spin transport simulations for finite pump-probe delays ∆t ≤ 0
The simulations of spatially-resolved RSA traces were done with LabView, numerically calculating the sum of 100
spin packets according to eq. (S1) for each magnetic field value in the range −80 mT ≤ B ≤ +80 mT and for each
pump-probe separation −31 µm ≤ ∆x ≤ +31 µm. The input parameters were chosen to be
θ0 = 1, σ = 10 µm, Trep = 12.5 ns, g = −0.44, T ∗2 = 120 ns, vs = 3480 cm/s
and Ds = 10 cm
2/s (S5)
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Figure S1. (a) Simulated RSA traces at ∆x = 0 for pump-probe delays ∆t = 0, -50 ps and -100 ps (upper, middle and lower
curve, respectively). The yellow area shows the FFT range, including 10 RSA periods. The broken grey line indicates the
weighting of the data if an optional Hann window is used for the FFT routine. (b) FFT spectra of the simulated RSA traces.
Blue squares are the real parts and open blue circles the corresponding integrated resonance values of the FFT spectra without
Hann window. Green and red circles are the integrated resonance values of the FFT power spectra without and with Hann
window, respectively.
close to the values measured for electrically induced spin transport at T = 10 K. Simulations were performed with
pump-probe delays ranging from ∆t = 0 (ideal case) to ∆t = −100 ps. Simulated RSA traces at pump-probe-
overlap ∆x = 0 are shown in Fig. S1 (a) for ∆t = 0, -50 ps and -100 ps (upper, middle and lower curve, respec-
tively). While for the ideal case ∆t = 0 all RSA resonances are symmetric with respect to the resonance fields
Bres,m = m · 2pih¯/(gµBTrep) = m · 12.99 mT (m being an integer number), the RSA resonances for non-zero pump-
probe delays ∆t < 0 become more and more asymmetric at higher fields.
The FFT analysis of both the measurements presented in the main text and the spin transport simulations described
here was done with a standard LabView FFT routine. Prior to the FFT, each RSA trace was first interpolated to
equidistant B-steps (necessary for the FFT routine) of ∆B = 0.01 mT. Then the B-range to be Fourier transformed
was chosen to include 10 full RSA periods as indicated by the yellow area in Fig. S1 (a), starting from and ending at
the peaks of the outmost resonances. This yields a resolution of the FFT spectra of 10 points per period, as can be
seen in Fig. S1 (b) where spectra for different FFT conditions are compared (see below). The x-axis is transformed
from the frequency ω = gµBt/h¯ to a time axis t in order to allow for an easier physical interpretation: this way each
FFT spectrum represents the temporal evolution of the spin polarization at the respective pump-probe separation
∆x.
The real parts of the FFT spectra of the simulated RSA traces are shown by the blue squares. Resonances occur
at times tn = nTrep (corresponding to ωn = nωB = ngµBTrep/h¯), as expected. For the ideal case ∆t = 0 (upper
spectra), all data points adjacent to the resonance peaks in the real part FFT spectrum are zero, such that the peak
values are equal to the integrated resonance values (i.e. the sum over 5 data points for each resonance) shown by the
open blue circles. For finite pump-probe delays ∆t < 0, however, the data points beside the peaks in the real part
FFT spectra deviate from zero, resulting in a decrease of the integrated FFT resonances (middle and lower spectrum).
This decrease is strongest at small tn, suggesting an apparently slower decrease of the spin amplitude with time and
consequently an apparently larger spin dephasing time T ∗2 . Note that this is an artefact of the FFT of RSA traces
with finite pump-probe delay ∆t < 0, and is not a physical effect as all RSA traces are simulated with the same input
spin dephasing time T ∗2 = 120 ns. The opposite behaviour is found for the integrated resonance values of the FFT
power spectra (green circles), which are increased for finite ∆t < 0 as compared to the ideal case ∆t = 0. Finally, the
FFT can also be performed after applying a Hann window to the RSA traces, weighting the data around B = 0 most
strongly, as indicated by the broken grey line in Fig. S1 (a) (upper curve). The power spectrum of the FFT with
Hann window is shown by the red squares in Fig. S1 (b). Each FFT resonance is broadened to 3 data points with
peaks half as high as those of the real part FFT spectra. In this case, the correct contribution of each spin packet
to the RSA signal is found by the integrated resonances (red circles), which are almost the same for all pump-probe
delays ∆t ≤ 0.
In order to get a quantitative statement on the influence of the finite pump-probe delays ∆t < 0 on the spin
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Figure S2. Comparison of the spin transport parameteres resulting from the analysis model with different FFT conditions
under the influence of finite pump-probe delays ∆t ≤ 0. Blue squares and open blue circles are the parameters resulting from
the analysis of the peak values and of the integrated resonances of the real part FFT spectra, respectively, while the green and
red circles result from the analysis of the integrated resonances of the FFT power spectra without and with Hann window,
respectively. The parameters are (a) the spin amplitude θ0, (b) the spin dephasing time T
∗
2 , (c) the spind drift velocity vs and
(d) the spin diffusion constant Ds. The input parameters of the simulation are represented by the dark grey lines.
transport parameters resulting from the different FFT methods, the lateral spin profiles are reconstructed from the
FFT spectra as described in the main text, and θ0, vs, Ds and T
∗
2 are extracted by Gaussian fits to these lateral spin
profiles. The results are shown in Fig. S2. Here, the blue squares and open blue circles are the parameters resulting
from the analysis of the peak values and of the integrated resonances of the real part FFT spectra, respectively, while
the green and red circles result from the analysis of the integrated resonances of the FFT power spectra without and
with Hann window, respectively. The input parameters of the simulation (identical for all FFT methods and for all
pump-probe delays ∆t) are represented by the dark grey lines. The analysis of the integrated resonances of the real
part FFT spectra (open blue circles) shows the largest deviations of the extracted spin transport parameters from
the input parameters. The best reproduction of the input parameters are found from the analysis of the integrated
resonances of the FFT power spectra with Hann window (red circles), which shows almost no deviation from the
input parameters for all the finite pump-probe delays.
3. Spin transport simulations for magnetic field-dependent spin dephasing times T ∗2 (B)
In a next step, spin transport simulations are performed with the same input parameters as before, see eq. (S5),
except that the pump-probe delay is fixed to ∆t = −50 ps, as it was used for all measurements in the main text.
Additionally, we use the following magnetic field dependence of the spin dephasing time T ∗2 (B):
1
T ∗2 (∆x,B)
=
1
τ0
+
1
τB
·
|B|
B + |B| · exp
[
−∆x
2
4σ2
]
(S6)
⇒ T ∗2 (0, B) =
τ0
1 + τ0τB
|B|
B+|B|
=
{
τ0 for B = 0
τ0
1+
τ0
τB
= γ · τ0 ≡ τ∞ for |B|  B. (S7)
This phenomenological form of the magnetic field-dependence of T ∗2 reflects the main features of the spin dephasing
observed in the RSA scans in the main text. First, spin dephasing increases with the applied magnetic field strength
|B| but saturates beyond a saturation field B, as can bee seen by the decrease of the RSA resonance height with
|B|. Therefore, eq. (S7) describes a decrease of T ∗2 from the zero-field value τ0 at B = 0 to the saturation value
τ∞ = γτ0 at |B|  B (corresponding to 1/T ∗2 = 1/τ0 + 1/τB), with 0 ≤ γ ≤ 1. Note that the observed beaviour of the
spin dephasing time cannot simply be attributed to inhomogeneous spin dephasing with a magnetic field-dependence
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Figure S3. (a) Simulated RSA traces at ∆x = 0 and ∆t = −50 ps without and with strong magnetic field-dependent spin
dephasing according to eqs. (S6) and (S7) using γ = 1.0 (upper curve) and γ = 0.2 (lower curve), respectively. (b) Corresponding
FFT power spectra with Hann window (red squares) and integrated resonances (open red circles).
T
∗,(inh)
2 ∝ |B|−1, which does not saturate but continuously decreases to τ (inh)∞ = 0 for |B| → ∞. To the best of
our knowledge, a theoretical model describing this observed saturation of the magnetic field-dependence of the low-
temperature spin dephasing time in n-GaAs at doping concentrations close the MIT does not exist. Second, the
magnetic field-dependent decrease of T ∗2 (B) is strongest at the spatial pump-probe overlap ∆x = 0 and becomes less
pronounced at larger pump-probe separations |∆x|, as seen in the RSA-scans for different ∆x in the main text. This
spatial dependence T ∗2 (∆x,B) is accounted for by the Gaussian function in eq. (S6). Possibly, this spin dephasing
mechanism might originate from spin-spin-interactions of electrons which should scale with the spin density.
The phenomenological magnetic field-dependence T ∗2 (∆x,B) in eqs. (S6) and (S7) is characterized by the zero-field
value, which is chosen to be τ0 = 120 ns as for the previous simulations, and by the saturation value τ∞ = γτ0. Figure
S3 (a) shows simulated RSA traces at ∆x = 0 for γ = τ∞/τ0 = 1.0, corresponding to the ideal case of no magnetic
field-dependent spin dephasing with τ∞ = τ0 (upper curve), and γ = 0.2, corresponding to strong magnetic field-
dependent spin dephasing (lower curve). In the latter case, the decrease and the broadening of the RSA resonances
with |B| is clearly visible. The FFT spectra for these simulated RSA traces are shown in Fig. S3 (b) with the red
squares being the FFT power spectra with a Hann window and the red circles the corresponding integrated resonances.
Here, we restrict ourselves to the FFT method with Hann window because this method gave the best reproduction
of the input parameters for finite pump-probe delays ∆t < 0, as discussed in the previous section. The influence of
the magnetic field-dependent spin dephasing time T ∗2 (∆x,B) on the FFT spectra is seen as a broadening of the FFT
resonances, compared to the ideal case γ = 1.0, as the data points in between resonances become non-zero. This
is a typical behaviour for any form of damping. For example, let us consider the case of inhomogeneous dephasing,
T
∗,(inh)
2 =
√
2h¯/(∆gµB |B|), due to a spread of g-factors ∆g around the average value g0. A single spin packet then
evolves as
sz(t) = s0 · exp
[
− t
T
∗,(inh)
2
]
· cos
(
g0
µB
h¯
Bt
)
≡ s0 · exp
[
− |B|
Binh
]
· cos
(
g0
µB
h¯
Bt
)
, (S8)
such that the magnetic field-dependent spin dephasing acts like a damping of the spin precession, both in time and
in the magnetic field. The Fourier transformation of such an exponentially damped oscillation yields Lorentzian
resonances with finite width ∆ω = B−1inh = ∆gµBt/(
√
2h¯). The FFT resonances in Fig. S3 (b) do not have Lorentzian
shape as the phenomenological form of T ∗2 (∆x,B) in eq. (S6) does not lead to a simple, exponential damping of the
spin precession in the magnetic field, but the broadening of the resonances can nevertheless be seen. It is accompanied
by a faster decrease of the spin amplitude compared to the ideal case γ = 1.0, resulting in an apparently smaller spin
dephasing time. This is expected, as the FFT analysis model includes a constant (i.e. magnetic field-independent)
spin dephasing time, which will be the mean value 〈T ∗2 (B)〉 averaged over the considered B-range and taking into
account the weighting of the RSA trace by the Hann window.
The results for the spin transport parameters from the application of our analysis model to the lateral spin profile
which we reconstruct from the integrated resonances of the FFT power spectra with Hann window, are shown in Fig.
S4 as a function of γ = τ∞/τ0, which represents the strength of magnetic field-dependent spin dephasing. Note that
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Figure S4. Influence of the magnetic field-dependent spin dephasing time on the resulting spin transport parameters (a) θ0,
(b) T ∗2 , (c) vs and (d) Ds. For a realistic value γ = 0.8 of the strength of the magnetic field-dependent spin dephasing, the
deviations from the input parameters are less than 7 %, showing the robustness of our FFT analysis model.
for smaller values of γ the field-dependent spin dephasing becomes stronger. θ0, vs and Ds increase only slightly up to
γ ≈ 0.5 while more rapidly for γ < 0.5. In contrast, the extracted spin dephasing time T ∗2 , decreases with increasing
strength of the magnetic field-dependent spin dephasing.
The best agreement between the measured RSA traces in the main text and the simulated RSA traces presented
here is found for γ = 0.8. For this value, vs is overestimated by 4 % and Ds by 7 %, while T
∗
2 is underestimated by
less than 2 %. This shows how robust our FFT analysis method is, even under systematic deviations from the ideal
conditions assumed in the model.
4. Conclusions from the spin transport simulations
As discussed above, the analysis of the lateral spin profiles reconstructed from the integrated resonances of the
FFT power spectra with application of a Hann window give the most realistic spin transport parameters under real
measurement conditions, i.e. for a finite pump-probe delay ∆t = −50 ps and for a magnetic field-dependent spin
dephasing time T ∗2 (∆x,B) according to eqs. (S6) and (S7) with γ = 0.8. These deviations from the assumptions
made in the analysis model result in a systematic overestimation of vs by 4 %, of Ds by 7 % and in a systematic
underestimation of T ∗2 by 2 %.
